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Epitaxial overgrowth of semi-polar III-nitride layers and devices often leads to arrowhead-shaped surface
features, referred to as chevrons. We report on a study into the optical, structural and electrical properties
of these features occurring in two very different semi-polar structures, a blue-emitting multiple quantum
well (MQW) structure and an amber-emitting light-emitting diode (LED). Cathodoluminescence (CL) hy-
perspectral imaging has highlighted shifts in their emission energy, occurring in the region of the chevron.
These variations are due to different semi-polar planes introduced in the chevron arms resulting in a lack of
uniformity in the InN incorporation across samples, and the disruption of the structure which could cause a
narrowing of the QWs in this region. Atomic force microscopy has revealed that chevrons can penetrate over
150 nm into the sample, and quench light emission from the active layers. The dominance of non-radiative
recombination in the chevron region was exposed by simultaneous measurement of CL and the electron beam-
induced current (EBIC). Overall these results provide an overview of the nature and impact of chevrons on
the luminescence of semi-polar devices.
I. INTRODUCTION
The semi-polar growth of III-nitrides provides a route
to increase device efficiency by reducing the built-in
electric fields present along polar growth directions1.
These orientations may also provide a way to bridge the
‘green gap’, a well-known limitation of the III-nitrides2.
Furthermore some semi-polar planes, such as (112¯2),
have binding sites that may accommodate indium atoms
more easily3 than others, allowing higher crystal qual-
ity for the same emission wavelength4. Consequently,
III-Nitride devices with long wavelength emission can
be achieved using semi-polar growth5,6. However, semi-
polar growth introduces a new range of growth imperfec-
tions, including arrow-head features often referred to as
chevrons7–9. Both planar and patterned substrates have
been used to achieve semi-polar growth, and these dif-
ferent growth techniques have an impact on the chevron
formation10,11. For growth on planar substrates, the for-
mation of chevrons has been attributed to interference
between undulations along the [112¯3¯] and [11¯00] direc-
tions, which in turn occur due to anisotropic surface
diffusion12. For samples grown using epitaxial lateral
overgrowth (ELOG) methods, where a patterned sub-
strate or template is used, there is an additional effect
causing the chevrons to appear more pronounced13. This
arises from the differing growth rates along the c- and
a- growth directions, which results in irregularities dur-
ing their coalescence8. The chevrons are undesirable,
a)Electronic mail: catherine.brasser@strath.ac.uk
due to disruption of the crystal structure, and meth-
ods have been investigated to reduce their formation.
Some have varied the growth conditions, such as temper-
ature and pressure, on which the adatom surface diffusion
depends, to minimise their formation12. Another tech-
nique is to use chemical mechanical polishing to reduce
the surface roughness, before growing additional layers.
This was seen to nearly eliminate chevrons from the fol-
lowing layers when grown in nitrogen-ambient growth
conditions.14. The optical properties of the chevrons have
been explored using photoluminescence (PL)15, but ad-
ditional information is offered by cathodoluminescence
(CL) hyperspectral imaging16,17, with its higher spatial
resolution. This paper exploits this technique to explore
the effect of chevrons on the light emission using two
very different structures, namely a blue-emitting mul-
tiple quantum well (MQW) structure and an as-grown
and fully processed amber light-emitting diode (LED).
Atomic force microscopy (AFM) has been used to investi-
gate the chevron morphology, and simultaneous measure-
ments of CL and electron beam-induced current (EBIC)
have provided information on the activity of the charge
carriers around the active region of the fully-processed
LED.
II. METHODOLOGY
The semi-polar samples were produced using different
approaches to overgrowth involving random or ordered
masks. All samples studied in this paper were grown by
metal organic chemical vapour deposition (MOCVD) on
2an m-plane (101¯0) sapphire substrate. The blue MQW
sample began with a high temperature (HT) 200 nm AlN
buffer layer18 , followed by a 1.3 µm GaN layer. Next a
SiO2 layer is deposited on the GaN layer, followed by
a Ni-layer. A thermal annealing step then produced Ni
nano-islands to form a self organised Ni mask. Etching
was used to form SiO2 nanorods, which were used as a
second mask to etch GaN nanorods with a diameter of
around 300 nm. The nanorods served as a template for
overgrowth of semi-polar GaN which began from the side-
walls of the nanorods, coalesced and continued until a 4
µm layer thickness was reached. Subsequently five peri-
ods of InGaN/GaN QWs were grown with 10 nm thick
GaN barriers and 2.2 nm thick InGaN wells with an 18%
InN content19,20. The amber-emitting LEDs started with
a 1.3 µm layer of GaN grown on top of a HT AlN buffer
layer. Deposition of a layer of SiO2 followed, which was
patterned into a regular array of disks using standard
lithography. Dry etching was used to produce SiO2 mi-
crorods, which act as a second mask for the etching of
GaN microrods in a regular array. GaN overgrowth be-
gins from the sidewalls of the microrods, along the [0001]
direction and the [112¯0] direction. Growth continues in
these directions until they coalesce, and then continued
to a thickness of 5 µm. After that the LED structure was
grown, which includes a 1 µm n-GaN layer, three peri-
ods of InGaN/GaN QWs and was finished with a 150 nm
layer of p-GaN. The InN content of the InGaN QWs is
40% to achieve light emission in the amber spectral region
and the well and barrier widths are 3.8 nm and 7.8 nm
(nominal values), respectively. LEDs were fabricated by
etching down to the n-GaN to apply a Ti/Au n-contact,
and applying a Ti/Au p-contact above a layer of indium
tin oxide (ITO), used to assist current spreading21. The
samples were analysed using a variable pressure scanning
electron microscope (SEM) to which a custom-built CL
system has been added22,23. The axis of the light collec-
tion optics is situated at 90◦ with respect to the electron
beam, and the sample is tilted by 45◦. The light emitted
at room temperature is collected by a reflecting objective
and focussed on to the entrance slit of a spectrograph,
and the light is detected using an electron multiplying
charged coupled device. The beam scans across the sam-
ple surface and a 1600 pixel emission spectrum from 300–
800 nm is recorded for every pixel with a spatial resolu-
tion approaching 10nm24. Electron beam energies of up
to 10 kV have been used to probe light emission from up
to 300 nm below the sample surface. This depth was cal-
culated by Monte Carlo simulations using the CASINO25
software to estimate the beam voltages required to excite
the active regions of the samples. For contacted LEDs,
it is possible to simultaneously probe the light emission
and the EBIC in a sample. When the carriers gener-
ated by the electron beam reach the active region, one of
three processes can occur; radiative recombination (CL),
non-radiative recombination or a flow of current. There-
fore the EBIC signal, measured via an external circuit,
provides a pathway to investigate the non-radiative re-
combination occurring in a sample when correlated with
the CL26,27. AFM was carried out, in PeakForce tapping
mode, on the samples to provide additional information
about their surface morphology.
III. RESULTS AND DISCUSSION
Chevrons are widespread but their size and shape de-
pend on the growth conditions, and therefore vary be-
tween samples. The secondary electron (SE) images in
Figure 1 show an example of a chevron from both the
blue-emitting MQW sample (a) and the amber-emitting
as grown LED (c).
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FIG. 1. Chevron structures: SE image of a typical chevron
from the blue-emitting MQW sample (a) and from the amber-
emitting LED in (c). A schematic of a chevron is shown in
(b).
While both chevrons have a length in the region of 20
µm, they have very different shapes. It is evident that
in the MQW sample the chevron is short and wide, with
an opening angle of around 15◦, whereas the chevron on
the surface of the LED has an opening angle of 10◦, ap-
pearing longer and narrower. The sizes vary throughout
each sample, but the shapes of the chevrons are sim-
ilar within each sample. Ploch et al. have shown a
correlation between the opening angle of the chevrons
with the growth temperature, namely wider angles with
higher temperatures12. Figure 1(b) shows a schematic of
a chevron, following the rounded structure of those ap-
pearing in the MQW sample. The sides of the structure
have been labelled as the ‘arms’, the point of the chevron
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FIG. 2. SE image (a), and CL intensity images of the fitted peaks near 2.4 eV (b), 2.6 eV (c) and 2.7 eV (d) of a chevron
occurring in the blue MQW sample. Normalised CL spectra from the arms (1), tail (3) and the area surrounding (2) the
chevron are shown in (d). CL peak energy images of the lower and higher energy end of the double peak are shown in (f) and
(g), respectively.
as the ‘tip’ and the area protruding from the tip as the
‘tail’. The facets along the chevron arms are also quite
different: Figure 1(a) shows smooth facets meeting at a
rounded tip, whereas the chevron arms of the LED are
rough and meet at a sharp point. The orientation of these
facets has been reported as {101¯1}28. The structure of
the tail is also variable and in some chevrons no tail is
evident.
The CL imaging results, measured at 5 kV, of a
chevron and its surrounding region in the blue-emitting
MQW sample are shown in Figure 2. The sample exhib-
ited a complex luminescence behaviour with three sepa-
rate peaks occurring within the sample. These peaks are
identified and their corresponding position are shown on
the SE image in Figure 2(a), which relate to the spec-
tra shown in Fig. 2(e). Point 1 is located on the arm of
the chevron and the emission is considerably broader and
redshifted by 200 meV when compared to the emission
in the area surrounding the chevron, marked by point
2. The typical luminescence of the surrounding area has
two peaks near 2.6 eV and 2.7 eV. The intensities of these
two peaks varied across the sample, and the higher energy
peak disappeared when the surface of the sample was in
any way disturbed. An example of the disrupted struc-
ture is marked by point 3, on the tail of the chevron.
Here, the lower energy peak alone remains and is red-
shifted by around 50 meV with respect to the emission
from the undisturbed surface. These peaks were fitted
using three Gaussian functions, and the corresponding
CL intensity images are shown in Figures 2 (b)-(d) in or-
der of increasing energy. Viewing these along with the SE
image, the lower energy peak appears exclusively along
the arms of the chevron (Fig. 2(b)), and the highest
energy peak (Fig. 2(d)) disappears where the surface
is disturbed. The arms of the chevron appear to have
a different semi-polar orientation, and therefore are ex-
pected to have a different rate of InN incorporation29–31,
than the majority of the sample, which could account
for this considerable redshift. A similar shift has been
seen in chevrons for samples with comparable emission
energy in Ref. 32. The arm emission is in a differ-
ent spectral region, which makes this sample undesirable
4for many LED applications which require monochromatic
light. The area surrounding the chevron exhibits a lack
of uniformity, with a random distribution of brighter and
darker areas. This can be explained by the nature of the
sample template, namely a randomly distributed array
of nanorods. The two components of the double peak
show shifts as seen in the CL peak energy images of these
peaks, Figures 2 (f) and (g). The black areas in these
images are masked data as these sections do not exhibit
these peaks. The highest energy peak (Fig. 2(f)) emis-
sion is blueshifted within the chevron compared to the
surrounding areas. This could be due to a narrowing of
the QWs caused by the disruption of the sample surface
by the chevron. Southern-Holland et al.15 have inves-
tigated similar chevrons using photoluminescence. They
identify a redshift at what they refer to as the ‘join’ of the
chevron. The high spatial resolution of the CL technique
has identified this redshift occurring at the tail rather
than the tip of the chevron. The tail of the chevron may
have a different semi-polar orientation than the rest of
the structure, including the arms, which would result in
a different incorporation of InN, and hence change the
emission wavelength.
Figure 3(a) shows an SE image of a chevron occurring
in the amber LED sample. CL hyperspectral imaging
was carried out on this area and Figure 3(b)-(e) displays
the results. The electron beam, operating at 10 kV, trav-
elled through the QWs and penetrated slightly into the
n-GaN layer beneath, exciting light emission from both
the active region and the GaN below. This is demon-
strated in the mean spectrum from this map in Figure
3(d), showing an intense MQW peak centred at 2.11 eV
in the amber spectral region, and a smaller peak cor-
responding to near band edge (NBE) emission of GaN
near 3.4 eV. By fitting these peaks to Gaussian and Voigt
functions respectively, it was possible to plot separate CL
images of their behaviour. The QW and GaN emission
intensity maps are shown in Figure 3(b) and (c) respec-
tively. The QW emission shows a drop in intensity on
both arms and at the tip of the chevron, increasing to-
wards the tip. This drop in intensity is only seen along
the lower arm in the GaN emission. The GaN has pro-
nounced stripes of high and low intensity perpendicular
to the chevron, which are not so prominent, though vis-
ible, in the QW emission. Figure 3(f) is a schematic of
the chevron with these stripes. The QW energy map is
displayed in Figure 3(e) which again shows a blueshift
within the chevron, but also reveals a blueshift along the
arms. Comparing the QW and GaN emission, it is clear
that the chevron has a much larger impact on the MQW
intensity, evidenced by a considerable drop in intensity
along the arms which is not as evident in the GaN. This
drop could be due to a lower crystal quality in this re-
gion, or that the quantum confined Stark effect (QCSE)
plays a larger part in these planes, reducing the electron
and hole wave-function overlap and hence the overall ra-
diative recombination, however it could also be due to
an increase in InN content not present in the GaN. The
light is collected in the direction looking from the top
of the image, so the alignment of the optics to the sur-
face disruption should also be considered as a factor for
the reduction in intensity. However, if this was the sole
reason there would not be the discrepancy between the
QW and the GaN emission. The stripes of low and high
intensity perpendicular to the chevron have a periodicity
relating to the microrod template, but this has been more
fully explored elsewhere21. They indicate areas of ma-
terial with a high number of basal plane stacking faults
(BSFs) and those with much fewer. The overgrowth from
the patterned template begins from the sides of the mi-
crorods, in both the polar and non-polar direction. The
growth along the polar direction is virtually free of BSFs,
whereas the non-polar has many stacking faults. As the
polar growth rate is larger than the non-polar, the BSFs
from the non-polar direction are blocked by the polar
growth, resulting in stripes of BSF dense and sparse re-
gions. These stripes are visible in the QW intensity im-
age, but less pronounced. This could be due to some
factor limiting propagation of the BSFs into the QW re-
gion at the n-GaN/QW barrier growth boundary, or the
InGaN/GaN boundaries in the QW region. The map of
peak energy of the QW emission also reveals changes in
the chevron area. A blueshift in the energy of around
30 meV is apparent within the chevron and a further 10
meV shift occurs along its arms. There are a number
of reasons for these increases in emission energy. The
disruption of the crystal structure in the chevron region
could result in a change in the overall strain in the mate-
rial, and/or could cause a narrowing of the QWs, leading
to a blueshift. The different planes introduced along the
chevron arms could also be less accommodating to the
larger In atoms, reducing the overall InN content and
shortening the wavelength.
To further investigate the morphology of chevrons,
AFM was performed on the as-grown LED, and the re-
sults are shown in Figure 4. This displays an undulating
surface with alternating striations parallel to the chevron
with a height difference of approximately 90 nm. These
striations are not to be confused with the stripes in Fig-
ure 3, which are perpendicularly oriented. The red and
blue lines parallel and perpendicular to the chevron rep-
resent linescans corresponding to the lines on the graph
in Figure 4(b). This graph identifies that the chevron
slopes down towards the tip, to a depth of at least 170
nm below the surface. This clarifies the results from Fig-
ure 3, namely the reduction in QW emission intensity
towards the tip of the chevron. The active region of the
LED is compromised by the chevron disturbing its struc-
ture, so the light-emitting area of the device is disrupted.
Although the chevrons are formed during the overgrowth
and propagate throughout the device, they have the most
impact at the surface, quenching the QW luminescence
more than that from the n-GaN below.
It is important to note that in different semi-polar
structures, chevrons take varied forms and hence have
a different impact on the luminescence of devices. For
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FIG. 3. A chevron from the amber LED as seen in the SE image (a), with the mean CL spectrum from the area in (b). Maps
of the CL QW emission intensity (c) and GaN emission intensity (d) and the QW peak energy (e) are subsequently shown. A
schematic of the chevron, including and the stripes of low and high BSF regions is shown in (f).
this reason, two very different structures were chosen
for investigation. One sample has the full LED struc-
ture, whereas the other has no p–n junction surrounding
its MQWs. The two samples have very different emis-
sion wavelengths, and one is grown on a regular array
of microrods whereas the other has a random nanorod
template. Exploiting these differences gives a broader
overview of the chevrons impact on luminescence. For
example, the blue-emitting MQW sample from Figure 2
does not exhibit the same drop in intensity along the
arms of the chevron as the amber LED. This is likely a
result of the close-packed template limiting the penetra-
tion of the chevrons into the structure. There appears
to be an important changeover in the effects driving the
wavelength shift (either change in relative InN incorpo-
ration or well width). For a higher average InN content,
as in the amber LED sample, it is postulated that the
chevron arms incorporate relatively less InN, or have de-
creased QW thickness, compared with the (112¯2) plane
whilst the opposite is true in the blue MQW sample with
lower average InN content. It has been reported that
there are InN incorporates at different rates for different
semi-polar facets29,33. However the energy shift within
each chevron is in the same direction, that is, towards a
higher energy, which could be due to structural changes,
such as a narrowing of the QWs.
To explore the effect of chevrons on a working device,
simultaneous CL and EBIC maps were taken of a pro-
cessed amber LED with the same sample structure as
in Figure 3. The SE image, QW energy, EBIC signal
and QW emission intensity, taken using a 2 nA elec-
tron beam, are shown in Figures 5 (a)-(d), respectively.
The chevrons in this sample are often less defined as the
ITO current spreading layer is applied when processing
the as-grown LED into a working device. However, it
is evident that although the chevrons may be somewhat
buried and appear less pronounced, they still impact the
luminescence of device in the same way. For example
the blueshifts in the chevron region shown in Figure 5(b)
are similar to those in Figure 3(e), although the dispar-
ity between the blueshifts along the arms and within the
chevron is clearer here. Figure 5(d) also shows a definite
drop in QW emission intensity along the chevron arms.
There is also a drop in the EBIC measured along the
arms of the chevron as seen in Figure 5(c). The EBIC
signal is reduced by both radiative and non-radiative re-
combination. This demonstrates that the reduction in
intensity of the CL in this region was not primarily due
to the leakage of carriers, but rather due to non-radiative
recombination dominating in this region26,27. Similarly,
there is a correlation between the EBIC and CL inten-
sity in the stripes with high BSF density, namely small
current and low intensity, leading to the conclusion that
the BSFs do not provide a current path, but rather act
as non-radiative recombination centres. There is also a
30 meV difference in peak energy of the QW emission
between the unprocessed sample in Figure 3 and the con-
tacted sample shown above. When the device is in open
circuit condition, or similarly when an LED is unpro-
cessed, the charge which drifts out of the depletion region
6has no path by which to escape, and therefore accumu-
lates at either end of the depletion region. This build up
of charge produces an electric field across the QWs, and
consequently changes their emission energy26,27.
IV. CONCLUSIONS
In conclusion, the structural and luminescent proper-
ties of chevrons occurring in two semi-polar structures
for light emission have been investigated, and the results
highlight a range of ways chevrons can impact device
performance. The new planes introduced by the chevron
into the structure result in a lack of uniformity in the InN
incorporation in their region. In the blue MQW sample,
this spread resulted in a large redshift in the emission
along the arms of the chevron, but in the amber LED,
which had a much higher overall concentration of InN
in the QW, the emission along the chevron arms was
blueshifted. In both samples, the region of the chevron
between the arms exhibited a slight blueshift in the light
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FIG. 4. AFM image of a chevron in the unprocessed LED (a)
and graph showing a depth measurement across and through
the chevron (b).
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FIG. 5. SE (a), CL peak energy (b), electron beam-induced
current (c) and CL intensity (d) images of a chevron in the
fully processed amber LED.
emission; it has been suggested that this is caused by a
narrowing of the QWs as a result of the crystal struc-
ture being disrupted. AFM mapping showed the extent
by which the chevrons can impact the structure, pene-
trating over 150 nm into the sample, and quenching light
emission from the LED. Simultaneous CL-EBIC studies
of the amber LED highlighted that the chevron features
included many non-radiative recombination centres along
the arms. Overall these results give a broad overview of
the nature and impact of chevrons, by investigating two
very different semi-polar samples using complementary
microscopy techniques.
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